| INTRODUC TI ON
Human pigmentary phenotypes are determined by pigmentationrelated genes and correlate to geography, climates, and latitude.
Pigmentation has a polygenic nature, and normal variation in skin color is primarily determined by the amount and type of melanin and associated with various single nucleotide polymorphisms (SNP) in several genes (Matts, Dykes, & Marks, 2007) . Key pigmentationdetermining genes encode proteins responsible for either melanin synthesis (tyrosinase and tyrosinase-related protein 1 (TYRP1) or types of melanin produced (melanocortin receptor 1 and agouti signaling protein). OCA2 and MATP (membrane-associated transporter protein) are also thought to affect pigmentation as transmembrane substrate transporters. OCA2 was shown to function as a chloride ion channel on the melanosomal membrane and was proposed to regulate melanosomal pH by decreasing acidity of melanosomes for melanin production (Bellono, Escobar, Lefkovith, Marks, & Oancea, 2014; Sitaram et al., 2009) . MATP has been also linked to modulation of melanosomal pH and was suggested to serve as the sucrose transporter on the melanosomal membrane (Bartolke, Heinisch, Wieczorek, & Vitavska, 2014; Bin et al., 2015) . Natural variations in human skin pigmentation have also been strongly associated with NCKX5, a member of bidirectional K + -dependent Na + -Ca 2+ exchangers belonging to the solute carrier 24A (SLC24A) gene family. Knocking out the slc24a5 gene in zebrafish has been linked to the golden phenotype, which displayed a reduction in melanin levels and abundance of melanosomes (Lamason et al., 2005) . It has been also demonstrated that the human SLC24A5 ortholog could successfully recover pigmentation in zebrafish. To date, a nonsynonymous SNP of SLC24A5 exchanging alanine by threonine at position 111 (A111T) has been strongly associated with lighter skin in European populations (Ginger et al., 2008; Lamason et al., 2005; Stokowski et al., 2007) . Therefore, this European allele (T111) has been characterized by reduced skin pigmentation. It has been also suggested that A111T SNP of SLC24A5 was reintroduced to the African populations (Crawford et al., 2017) ; in addition, two other single nucleotide variations of SLC24A5 were suggested to play a role in pigmentation, but they were not in the coding region of the gene.
It is well established that members of the NCKX family (NCKX1-4) are trafficked to the PM and utilize Na + and K + gradients across the PM for Ca 2+ extrusion (Lytton, 2007; Schnetkamp, 2013) . In contrast, it has been suggested that the fifth member of the NCKX family (NCKX5) is not trafficked to the PM and functions in intracellular compartments based on the intracellular localization of GFP-tagged and HA-tagged zebrafish NCKX5 expressed in human melanoma MNT1 cells (Lamason et al., 2005) . It has also been reported that despite high expression levels of Myctagged NCKX5 in transfected MEB4 and B16 cells, no NCKX5-driven Ca 2+ -fluxes across the PM were observed (Szerencsei, Ginger, Green, & Schnetkamp, 2016) . The same study reported that microsomes, prepared from HEK293 cells transfected with
Myc-tagged NCKX5, demonstrated a K + -dependent Na + -Ca 2+ exchanger activity of NCKX5. Two studies addressed the specific intracellular localization of NCKX5 but reported conflicting results. Chi et al. (2006) carried out a proteomic analysis on various membrane fractions purified from MNT1 cells and used a polyclonal antibody against human NCKX5 for western blotting and confocal immunocytochemistry of MNT1 cells; the authors concluded that NCKX5 is in late-stage melanosomes. However, contamination of the melanosomal fractions with other organelles was not clearly addressed, the specificity of the NCKX5 antibody used in this study was not validated, and the immunofluorescence micrographs of MNT1 cells lacked sufficient resolution for a proper evaluation. Ginger et al. (2008) used polyclonal antisera raised against human NCKX5 to carry out immunohistochemistry in human epidermal melanocytes and reported a trans-Golgi (TGN) localization of NCKX5 with additional punctate staining throughout the cytoplasm; specific localization to the TGN was suggested by a selective reduction in the TGN staining after treatment with siRNA directed toward SLC24A5, but only limited validation for the specificity of the antibody was provided. Based on the conflicting results presented in the above studies and the limitations of the antibodies used in these studies, the subcellular localization of NCKX5 in pigmented cells remains to be clarified.
Little is known about factors that lead to the intracellular localization of NCKX5. Comparing sequences of the NCKX1-5 isoforms shows a high degree of conservation for transmembrane segments, while the sequences for the N-terminus and the large cytoplasmic loop shared limited or no similarity (Schnetkamp, Jalloul, Liu, & Szerencsei, 2014) . NCKX5 possesses a significantly shorter cytoplasmic loop (111 amino acids) relative to other NCKX proteins (210 for NCKX2). Analysis of the large cytoplasmic loop of the NCKX5 isoform from different species shows a significant degree of conservation between the zebrafish and human NCKX5 (55% identity) and high degree of evolutionary conservation between mammals (81% identity between the mouse and human NCKX5; Figure 1a ). In contrast, little sequence conservation is observed for the N-terminal hydrophilic loop of NCKX5 from different species. It has also been shown for NCKX1 that deletion of the large cytoplasmic loop does not affect Ca 2+ transport function, suggesting that the cytoplasmic loop may play a regulatory role (Szerencsei et al., 2000) .
Moreover, we noticed a cluster of four highly conserved cysteine residues in the large cytoplasmic loop of all NCKX5 sequences and such clusters have been suggested to be involved in transition metal binding (e.g., zinc, iron) (Giles et al., 2003) and may also be subject to S-acylation (e.g., prenylation and palmitoylation) (Dunphy & Linder, 1998) , which can affect the membrane localization of the NCKX5 protein. Therefore, the main aims of this study are to clarify the subcellular localization of NCKX5
and to identify sequences within the NCKX5 protein that are responsible for this.
| MATERIAL S AND ME THODS
Unless otherwise stated, all tissue culture supplies were purchased from Thermo Fisher Scientific and all other chemicals were purchased from Sigma-Aldrich.
| Constructs design
The wild-type (WT) hNCKX2, hNCKX5 and their mutants were used in this study. For fluorescent detection of NCKXs,
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we introduced the Myc tag (EQKLISEEDL) into the extracellular loop that precedes TMS1 and is downstream of the signal peptide cleavage site of the hNCKX2 (between H83 and G84, Accession#NM_001193288) and WT hNCKX5 (between S52 and G53, Accession#NM_205850 XM_208771). The BSiWI and BspE1 restriction sites were inserted and flanked the cytoplasmic loops of the WT hNCKX2 (after Q292 and before R468) and the WT hNCKX5 (after K277 and before D302). Both NCKX2 and NCKX5 have been divided into four regions: Nterminus, TMS1, cytoplasmic loop, and TMS2 with C-terminus.
Therefore, the chimeras have been constructed by modifying SLC24A2 or SLC24A5 at specific locations. The cytoplasmic loop of the WT NCKX5 protein was replaced with a spacer (SHVDHISAETEMEGEGNET-GEC TGSY YCKKGVILPIWEDEP)
as described previously or by the hNCKX2 cytoplasmic loop (M293-T467) to generate the 5-5-Δ-5 and 5-5-2-5 mutant protein, respectively. In addition, the cytoplasmic loop of hNCKX2
was replaced with that of hNCKX5 (C228-A301) to generate the 2-2-5-2 mutant. Moreover, the Myc epitope was inserted individually at one of three different locations within the cytoplasmic loop of the untagged hNCKX5 (between A236 and K237, E281 and D282, and E290 and D291) and the TGN motif (SGYSxL) was removed from hNCKX5 (S273N, G274H, Y275V, S276E, Q277K, and L278I) and added to the hNCKX2 sequences (N407S, H408G, V209Y, E410S, K411Q, and I412L). PCRs were used to amplify the 3′ and 5′ halves of the cDNA upstream and downstream, respectively, of the insertion site with primers containing the Myc sequence. The PCR products were subsequently assembled into pcDNA3.1 that had been linearized with XbaI and BamHI, using the NEBuilder assembly kit (New England Biolabs). The sequences of the hNCKX5 cDNAs and
Myc tag insertions of the subsequent clones were verified by DNA sequencing. In addition to these genetic manipulations, two mutants carrying point mutations were generated: the hNCKX5 protein carrying the A111T mutation (5-5-5-5A111T) and the mutant carrying the C228G, C231G, C232G, and C234G
mutations along with the A111T mutation (5-5-5-5A111T, C1-4).
F I G U R E 1 Sequence alignment of zebrafish, mouse, and human NCKX5 and its topological model. (a) Sequence alignments of the large cytoplasmic loop are shown for zebrafish, mouse, and human NCKX5. Residues shaded in gray indicate a cluster of four conserved cysteine residues (C228, C231, C232, and C234). Sequence alignment was carried out with ClustalW2. An asterisk (*) denotes conserved residues, a colon (:) denotes conserved substitutions, and a period (.) indicates semiconserved substitutions. (b) The current topological model consists of two sets of transmembrane segments (TMS1 and TMS2) each separated by a large cytoplasmic loop. TMS1 and TMS2 are thought to be α helices, and the helices shaded in black (helices 2-3 in TMS1 and 7-8 in TMS2) represent α-repeats 1 and 2. Highlighted in black are border amino acids to the different regions of NCKX5, and highlighted in white are important amino acids that are described in the Results and Discussion section. (c) Schematic representation of NCKX topology including the N-terminal sequence, TMS1, the large cytoplasmic loop, and TMS2 with a very short C-terminal sequence
| Cell culture and transfections of HEK293 and MNT1 Cells
HEK293 cells were cultured with DMEM and transfected as described previously in details (Jalloul, Szerencsei, & Schnetkamp, 2016) . MNT cells were cultured with DMEM supplemented with 20%
FBS, 10% AIM-V Media, sodium pyruvate (1 mM), l-glutamine (2 mM), Fungizone (2.5 μg/ml), and penicillin and streptomycin (50 μg/ml) for 72 hr at 37°C and 5% CO 2 . A total of 400,000 cells were replated into 10-cm culture plates for western blots and functional analysis or 62,500 cells were replated into 35-mm glass-bottom plates coated with poly-d-lysine (MatTek, p35gc-1-14-c) for immunocytochemistry. These cells were incubated overnight followed by lipid-mediated transfections. The transfection cocktail was prepared by adding 8 μg of plasmid DNA to 500 μl Opti-MEM (31985-070) and by adding 10 μl Lipofectamine 2000 (11668-019) to another 500 μl aliquot of Opti-MEM. The two solutions were mixed, and the resulting cocktail was added to the cells after 20 min. The media were changed after 6 hr, and after 48 hr, cells were harvested for western blotting or processed for immunocytochemistry.
| Protein assays and western blotting
Harvested cells from the 10 cm plates were incubated with 150 μl
with protease inhibitors (ROCHE, 05892791001) on ice for 20 min.
Protein concentrations were measured using the Bradford Assay (Bio-Rad, 500-0006), and western blotting was performed using 20 μg of protein as previously described (Jalloul et al., 2016) .
| Functional assay
Functional Ca 2+ transport assays on HEK293 cells expressing the WT NCKX5 and mutant proteins were performed as described previously (Jalloul et al., 2016) . In brief, NCKX function assays were 
| Immunocytochemistry
Transfected MNT1 and HEK293 cells, grown 48 hr on poly-dlysine-coated 35mm plates, were fixed with 4% paraformaldehyde at room temperature for 10 min (Jalloul et al., 2016) . To investi- mutant proteins on the PM, we used nonpermeabilized cells (T−).
Cells were then blocked with 10% horse serum for 1 hr, followed by double-labeling with either (a) primary mouse anti-Myc mAb
(1:1,000 dilution in 10% horse serum; CST) and sheep anti-TGN46 pAb (1:500 dilution in 10% horse serum; AbD Serotec); (b) rabbit anti-Myc pAb (1:100 dilution; CST) and mouse anti-TYRP1 mAb
(1:200 dilution, Abcam); or (c) rabbit anti-Myc mAb (1:100 dilution;
CST) and mouse anti-GM130 pAb (1:100 dilution, Abcam) for 1 hr.
Staining with secondary Abs was performed in the dark at room temperature for 1 hr. The Alexa Fluor 488 goat anti-mouse, Alexa
Fluor 555 anti-sheep and Alexa Fluor 488 or 555 anti-rabbit Abs (CST) were used at 1:2,000 dilutions in 50% horse serum in PBS.
Stained cells were mounted overnight with ProLong AntiFade containing DAPI (Vectashield Laboratories). The plates were stored in the dark at 4°C until used for imaging. (Table 1) and ≥4 independent transfection experiments.
| Immunofluorescence imaging

| RE SULTS AND D ISCUSS I ON
Since the discovery of NCKX5 and its role in pigmentation a decade ago (Lamason et al., 2005) , little progress has been made with respect to understanding its molecular and functional nature. This study has addressed two major questions: First, to clarify the precise intracellular localization of the NCKX5 protein and second, to identify sequences responsible for the intracellular localization of the protein as the NCKX1-4 isoforms are all thought to operate in the PM.
| Topology of the NCKXs and construct design
No structural or molecular studies have been reported for the NCKX5 protein, but, based on the sequence similarity between NCKX2 and NCKX5 and based on identical hydrophobicity profiles, we propose that NCKX5 and other NCKX isoforms share the welldocumented topological model of human NCKX2 Szerencsei, Kinjo, & Schnetkamp, 2013; Zhekova, Zhao, Schnetkamp, & Noskov, 2016) . Moreover, the topological model of NCKX2 is identical to the topology observed in the crystal structure of the distantly related archaebacterial Na To answer the question regarding NCKX5 localization and identification of sequences retaining the protein intracellularly, we designed a series of NCKX2-NCKX5 chimeras based on four distinct domains in NCKXs: N-terminus, TMS1, large cytoplasmic loop, and TMS2 with C-terminus (Figures 1c and 2a) . We also generated mutant NCKX5 constructs in which the cytosolic loop was removed and replaced by a short spacer. To evaluate phenotypic consequences, we transfected pigmented MNT1 and HEK293 cells with the chimeric constructs illustrated in Figure 2a and determined cellular localization of the WT and mutant proteins.
| Localization of NCKX5 and NCKX5-NCKX2 chimeras in HEK293 and pigmented MNT1 cells
During the course of this study, we tested every commercially available antibody against NCKX5, but none of these antibodies detected our Myc-tagged NCKX5 overexpressed in HEK293 or pigmented MNT1 cells. Not surprisingly, none of the antibodies recognized a clear band at the appropriate molecular weight on western blots of pigmented MNT1 or MEB4 cells, which expressed NCKX5 transcripts. Also, the antibodies previously used for NCKX5 studies (Chi et al., 2006; Stokowski et al., 2007) are no longer available.
Therefore, to get insight into the localization of the NCKX5 protein within the cell, we used our Myc-tagged WT and chimeric NCKX2
and NCKX5 proteins expressed in either MNT1 or HEK293 cells to perform fluorescent detection in immunocytochemistry experiments. The distribution of NCKXs within the cell was examined by colocalizing Myc-tagged NCKXs with the TGN marker TGN46, the cis-Golgi marker (CGN) GM130, and the melanosome marker TYRP1 in cells permeabilized with Triton X-100 and nonpermeabilized cells.
Efficiency of transfections was confirmed biochemically by western blots for both HEK293 and MNT1 cells (Figure 2b ,c) and calculated by counting transfected cells vs. total cell numbers ( Table 1) .
Efficiency of transfections was 9%-18% for MNT1 cells and 16%-23% for HEK293 cells. Table 1 were replaced by glycine (Figure 5b,c) . These cysteine residues are highly conserved and may play a role in membrane localization.
Moreover, several studies have shown that certain TGN-localized proteins such as TGN38/46 have a conserved tyrosine-containing motif SGYSxL that encodes for the retention of the protein in the TGN (Bos, Wraight, & Stanley, 1993; Humphrey, Peters, Yuan, & Bonifacino, 1993; Reaves, Horn, & Banting, 1993; Wong & Hong, 1993) . NCKX5 also possesses the tyrosine-containing SGYSQL motif within the large cytoplasmic loop; this motif is absent in all other NCKX isoforms. Of interest, site-directed mutagenesis used to mutate this motif in NCKX5 (S273N; G274H; Y275V; S276E; Q277K; L278I) had no impact on the localization of NCKX5. In the same way, site-directed mutagenesis used to add this motif to NCKX2 (N407S, H408G, V209Y, E410S, K411Q, and I412L) had no effect on the NCKX2 localization in both HEK293 and MNT1 cells (Supporting Information Figure S2a ). Taken together this suggests that unlike TGN38/46, the tyrosine-containing motif is not a minimal and Figure S2b ). The TYRP1 expression demarcated the PM, and light microscopy images clearly showed a preferred localization of melanosomes underneath the PM (data not illustrated). These results are consistent with the study performed by Ginger et al. (2008) . The intracellular localization pattern observed for WT NCKX5 was quite distinct from that observed for WT NCKX2.
| Domains contributing to the TGN localization of NCKX5 as assessed in NCKX2-NCKX5 chimeras
Domains that determine the intracellular localization of NCKX5 are unknown. To address this question, we generated a series of Myctagged NCKC2-NCKX5 chimeras and NCKX5 deletion mutants 
| CON CLUDING REMARK S
Taken together, our results illustrate that, in contrast to NCKX1-4, the NCKX5 protein is not a PM resident and is exclusively located in the TGN. Moreover, the immunocytochemistry results have linked the intracellular distribution of NCKX5 to its large cytoplasmic loop, (Fluo-4-AM or Fluo-4FF-AM) as described previously (Jalloul et al., 2016 Among all clones, only 2-2-2-2, 5-5-2-5, and 5-5-Δ-5 were detected on the PM. Statistical analysis revealed a significant difference between the WT NCKX2 (2-2-2-2) and the chimeras trafficked to the PM (5-5-2-5 and 5-5-Δ-5). Levels of proteins localized to the TGN (5-5-5-5, 2-2-5-2, 5-5-5-5A111T, and 5-5-5-5A111T, C1-4) are significantly different to the proteins trafficked to the PM (p < 0.001). Each experiment was replicated at least 4 times, and the data represent mean ± SEM of protein levels in (AU) needs to be answered. In addition, knowledge about interactions between NCKX5 and TGN lipids and other TGN proteins could help us better understand its function in the TGN. Taken together, these could shed light on a molecular mechanism of the suggested NCKX5 involvement in pigmentation and melanogenesis.
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